Introduction
============

Breast cancer is one of the most common malignant tumors in women worldwide ([@b1-ol-0-0-6555]). Receptor tyrosine-protein kinase erbB2/human epidermal growth factor receptor 2 (ERBB2/HER2) is a transmembrane tyrosine kinase receptor that belongs to the family of epidermal growth factor receptors. HER2 is expressed in 25--30% of invasive breast cancers and is associated with invasion, metastasis and prognosis ([@b2-ol-0-0-6555]). Trastuzumab (product name Herceptin) is the first recombinant humanized monoclonal antibody directed against the extracellular domain of HER2 that has been approved by the US Food and Drug Administration for the treatment of HER2-positive breast cancer. However, 40--60% of patients with HER2-positive breast cancer do not benefit from it ([@b3-ol-0-0-6555]). The molecular mechanisms underlying acquired resistance to trastuzumab remain poorly understood.

Trastuzumab has several possible mechanisms of action, which include specific binding to HER2 and blocking of ligand-mediated cell signaling, inhibition of cell growth, inducing apoptosis, inhibition of tumor angiogenesis, and improving the ability of immune cells to target tumor cells through antibody-dependent cellular cytotoxicity (ADCC). ADCC and complement-dependent cytotoxicity (CDC) are innate immune mechanisms that destroy tumor cells and serve important roles in mediating the effects of therapeutic monoclonal antibodies (mAbs) in the treatment of cancer ([@b4-ol-0-0-6555]). Examples of therapeutic mAbs include rituximab, alemtuzumab and cetuximab. However, it has been reported that CDC does not serve a role in mediating the effects of trastuzumab ([@b5-ol-0-0-6555],[@b6-ol-0-0-6555]). Since the contribution of the complement system to the anti-tumor effect of trastuzumab remains unclear, the deficiency of CDC may explain why the majority of patients with HER2-positive cancer are not sensitive to trastuzumab. The efficiency of CDC against tumor primarily depends on the activation of the complement system, which is regulated by membrane-bound complement regulatory proteins (mCRPs), including complement decay-accelerating factor (CD55) and CD59 glycoprotein precursor (CD59). A number of types of cancer have been reported to escape from the complement attack due to high expression of mCRPs, which protects cancer cells from CDC and anticancer immune responses ([@b7-ol-0-0-6555],[@b8-ol-0-0-6555]).

A previous study from our lab demonstrated that CD55 and CD59 were two important inhibitors of CDC triggered by heterologous expression of α-gal xenoantigen in colon tumor cell lines ([@b9-ol-0-0-6555]). In addition, patients with breast cancer that overexpressed CD55 or CD59 exhibited a higher relapse rate following trastuzumab treatment compared with those with low expression of CD55 or CD59 ([@b10-ol-0-0-6555]). The mean disease-free survival of patients with CD55 or CD59 overexpression was significantly shorter compared with those with low expression of CD55 or CD59, while the expression of CD46 had no effect on prognosis.

It was hypothesized that CDC induced by trastuzumab in HER2-positive breast cancer may be limited due to overexpression of CD55 and CD59. The aim of the present study was to investigate the association between CD55/CD59 expression and trastuzumab-induced CDC in a HER2-positive breast cancer cell line. This was achieved by blocking CD55/CD59 activity using mAbs, silencing their expression using short hairpin RNA (shRNA), and modulating their expression via phosphatidylinositol-specific phospholipase C (PI-PLC).

Materials and methods
=====================

### Cell lines

The human breast cancer BT474, SK-BR-3, ZR-75-1, MDA-MB-468, MCF-7, BT549 and MDA-MB-231 cell lines, and a human colorectal adenocarcinoma (LoVo) and pig iliac artery endothelial (PIEC) cell line were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). PIEC, which naturally expresses high level of α-gal xenoantigen, was used as a positive control to assess complement activity in cytolysis assays. MCF-7, BT549, LoVo and PIEC cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA).SK-BR-3, MDA-MB-468, MDA-MB-231 and ZR-75-1 cells were cultured in DMEM medium containing 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 100 IU/ml penicillin/streptomycin (North China Pharmaceutical Co., Ltd., Shijiazhuang, China). BT474 cells were cultured in MEM medium containing 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 100 IU/ml penicillin/streptomycin (North China Pharmaceutical Co., Ltd.) and 40 U/ml insulin from Tonghua Dongbao Pharmaceutical Co., Ltd. (Jilin, China). The cells were maintained in an incubator at 37°C in a 5% CO~2~ humidified atmosphere.

### Sera

Pooled normal human serum (NHS) used as the source of complement and anti-α-gal-specific antibodies was provided by the central blood bank at West China Hospital, Sichuan University (Chengdu, China) and stored at −80°C in aliquots until assayed. Diluted (50%) NHS was screened using a PIEC killing efficiency assay, as described previously ([@b9-ol-0-0-6555]), and only sera with 100% PIEC killing efficiency was utilized for subsequent experiments. Pooled heat-inactivated normal human serum (INHS) was obtained by incubating the sera at 56°C for 30 min, which was used as negative control in all experiments.

### Antibodies and reagents

Fluorescein isothiocyanate (FITC)-conjugated mouse anti-human CD55 (cat no. FHF055) and CD59 (cat no. FHF0591) mAbs and a FITC-conjugated immunoglobulin G (IgG)1 isotype Control mAb (cat no. GMP01103F) for flow cytometry (FCM) were purchased from 4A Biotech Co., Ltd. (Beijing, China). Mouse anti-HER2/c-erbB-2 monoclonal antibody (cat no. ZM-0065) and Biotin-Streptavidin HRP detection systems (cat no. SP-9000) for immunohistochemistry was purchased from Origene Technologies (Beijing, China). The blocking mAb against CD55 (cat no. BRIC216) was purchased from EMD Millipore (Billerica, MA, USA). The blocking mAb against CD59 (cat no. MFM-43) was purchased from Abcam (Cambridge, UK). The mAbs against CD55 (BRIC216), CD59 (YTH53.1) and β-actin (cat no. SC-47778) for western blot analysis were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The horseradish peroxidase (HRP)-labeled goat anti-mouse IgG (H+L, cat no. 170-6516) was from Bio-Rad Laboratories, Inc. (Hercules, CA, USA). The HRP-labeled goat anti-rat IgG (H+L, cat no. sc-2006) was from Santa Cruz Biotechnology, Inc.

Trastuzumab was obtained from Genentech, Inc. (San Francisco, CA, USA). PI-PLC 100 U/ml and Lipofectamine^®^ 2000 were purchased from Invitrogen (Thermo Fisher Scientific, Inc.).

### Plasmids and primers

The specified pGPU6/GFP/Neo-shRNA expression plasmids (shCD55 and shCD59), and the negative control pGPU6/GFP/Neo-shNC (shNC) were designed and produced by GenePharma Co., Ltd. (Shanghai, China). The shCD59 targeted sequence 5′-TGAGCTAACGTACTACTACTGC-3′ was designed according to Shi *et al* ([@b11-ol-0-0-6555]). The four specified shCD55 targeted sequences included shCD55/545, 5′-GCAGTCAATGGTCAGATATTG-3′; shCD55/613, 5′-GCATCCCTCAAACAGCCTTAT-3′; shCD55/829, 5′-GGCATATTATTTGGTGCAACC-3′ and shCD55/1075, 5′-GGAGAGCACTCTATTTATTGT-3′. The shNC targeted sequence was 5′-GTTCTCCGAACGTGTCACGT-3′. The primers for reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis of CD55, CD59 and GAPDH were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China) as follows: CD55 forward, 5′-TTCCCCCAGATGTACCTAATGC-3′ and reverse, 5′-TTACAGTATCCTCGGGAAAACTTGT-3′; CD59 forward, 5′-TAACCCAACTGCTGACTGCAA-3′ and reverse, 5′-TTTGGTAATGAGACACGCATCAA-3′; GAPDH forward, 5′-GAAGGTGAAGGTCGGAGTC-3′ and reverse, 5′-GAAGATGGTGATGGGATTTC-3′.

### Detection of CD55 and CD59 expression by flow cytometry

Cells were removed from the culture flask using 0.25% trypsin and 0.25% EDTA, washed with 1% bovine serum albumin (BSA) diluted in PBS and centrifuged at 300 × g for 10 min, then suspended in 100 µl 1% BSA and incubated with 10 µl FITC-CD55 or FITC-CD59mAbs for 30 min at 37°C. Flow cytometry was performed using a FACSAria I and data were analyzed using FACSDiva 6.0 (both from BD Biosciences, Franklin Lakes, NJ, USA). Cells used FITC-IgG1 isotype control mAb as the negative control. To test the cell membrane expression of CD55 and CD59 following PI-PLC exposure, SK-BR-3 and BT474 cells were treated with 0.1 U/ml PI-PLC for 1 h at 37°C prior to staining and flow cytometry.

### Immunocytochemical staining for HER2

Cells were seeded in 6-well plates at a concentration of 5×105 cells/well for 24 h, then fixed with cold methanol for 15 min. Cells were incubated with primary antibodies against HER2 (dilution, 1:200 in PBS) overnight at 4°C. Cells were incubated with the appropriate secondary antibodies for 60 min at 37°C. A DAB color developing system, and hematoxylin and eosin staining were used for the following steps. The negative controls were created by replacing the primary antibodies with PBS. Stained cells were observed by light microscope and 5 fields of view were counted by eye for cell numbers according to the following scoring system: 0= negative, no dye or \<10% cells with cell membrane staining; 1+= weak positive, \>10% cells with thin, fragmented cell membrane staining; 2+= positive, \>10% cells with thin to moderate intact cell membrane staining; and 3+= strong positive/high expression, \>30% cells with moderate to thick intact cell membrane staining.

### Trypan blue exclusion assay

SK-BR-3, BT474 and PIEC cells were removed from culture bottle using 0.25% trypsin and 0.25% EDTA, Single cells were suspended in PBS, counted and divided into 106 cells per Eppendorf tube. SK-BR-3 and BT474 cells in each Eppendorf tube were centrifuged at 500 × g and incubated with 50% INHS, 50% NHS, 50 µg/ml trastuzumab or 50 µg/ml trastuzumab +50% NHS in a total volume of 500 µl for 1 h at 37°C. PIEC cells were incubated with 50% INHS or 50% NHS. A total of 100 µl of cell suspension was added into an equal volume of 0.4% trypan blue, then the number of living/dead cells were counted, and the survival and lysis rates were calculated as follows: Survival rate (%) = Number of living cells/(number of living cells + number of dead cells) ×100; lysis rate =100% - survival rate.

In order to block CD55 and CD59, SK-BR-3 and BT474 cells were pre-incubated with 50 µg/ml trastuzumab and 10 µg/ml anti-CD55 or anti-CD59 mAbs for 10 min at room temperature, then 50% NHS was added to make up a final volume of 500 µl. The samples were then incubated for 1 h at 37°C.

For the PI-PLC pre-treatment, SK-BR-3 and BT474 cells were incubated with 0.01, 0.05, 0.1 and 0.2 U/ml (diluted in PBS) for 1 h at 37°C. Cells were then incubated with 50 µg/ml trastuzumab + 50% NHS (final volume, 500 µl). Each experiment was repeated three times.

### Downregulation of CD55 and CD59 expression with shRNA in SK-BR-3 cells

The shRNA plasmids (4 µg) were mixed with 10 µl Lipofectamine 2000 in 500 µl serum-free DMEM and transfected into SK-BR-3 cells to knockdown the expression of CD55 and CD59. Following transfection with shRNA for 48 h, the interference efficiencies of shRNAs were determined by RT-qPCR and western blot analysis. A trypan blue exclusion assay was also tested according to the aforementioned method.

### RNA extraction and RT-qPCR analysis

Total RNA was isolated from SK-BR-3 cells using RNeasy Mini kit (cat no. 74104; Qiagen GmbH, Hilden, Germany) according to the manufacturer\'s protocol. First-strand cDNAs were synthesized from total RNA using 5X All-In-One RT MasterMix (G492; Applied Biological Materials, Inc., Richmond, BC, Canada) according to the manufacturer\'s protocol. RT-qPCR was performed using SsoFast™ Eva Green^®^ Supermix (cat no. 172) in a Chromo4 Real-Time PCR detector (both from Bio-Rad Laboratories, Inc.), according to the manufacturer\'s protocol. Cycling conditions for the RT-qPCR were 95°C for 30 sec, followed by 40 cycles of 95°C, for 5 sec and 60°C for 10 sec. The primer sequences used were described in previous sections. The relative quantitation of gene expression was performed using the 2^−ΔΔCq^ method ([@b12-ol-0-0-6555]) with GAPDH as a reference gene. Experiments were repeated three times.

### Western blot analysis

Whole cells were lysed at 4°C in radioimmunoprecipitation lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China). Total protein concentration was determined using the BCA kit (Beyotime Institute of Biotechnology) according to the manufacturer\'s protocol. A total of 35 µg protein from each group was separated by 12% SDS-PAGE and then transferred to polyvinylidene fluoride membranes. The membranes were blocked with 5% nonfat milk in PBS-Tween (0.1% Tween in PBS). The membranes were incubated at 4°C overnight with the primary antibodies against CD55 (dilution, 1:400), CD59 (dilution, 1:1,000) and β-actin (dilution, 1:1,000). Subsequent to washing with PBS-Tween three times for 10 min, the membranes were incubated at room temperature for 2 h with HRP-labeled goat anti-mouse IgG (dilution, 1:2,000) and goat anti-rat IgG (dilution, 1:10,000) secondary antibodies. Subsequent to washing with PBS-Tween 3 times for 10 min, the bands were visualized using chemiluminescent HRP substrate (cat no. WBKLS0100) (EMD Millipore), and detected using the ChemiDoc XRS kit (Bio-Rad, Laboratories, Inc.) according to the manufacturer\'s protocol.

### Statistical analysis

The data were expressed as the mean ± standard deviation. Statistical analysis was performed as analysis of variance followed by one-way analysis of variance for experiments consisting of more than two groups. A t-test was used for comparison between two groups. P\<0.05 was considered to indicate a statistically significant difference. SPSS software version 16.0 (SPSS Inc., Chicago, IL, USA) was used.

Results
=======

### Expression of CD55 and CD59 in breast cancer cells

The surface expression of CD55 and CD59 in breast cancer cells MCF-7, SK-BR-3, MDA-MB-468, BT549, MDA-MB-231, BT474 and ZR-75-1, and the human colorectal adenocarcinoma cell line LoVo was evaluated by FCM ([Table I](#tI-ol-0-0-6555){ref-type="table"}). All the breast cancer cell lines evaluated exhibited markedly increased CD55 and CD59 expression compared with LoVo cells \[negative control ([@b9-ol-0-0-6555])\].

### Expression of HER2 in breast cancer cells

Immunocytochemical staining was performed to determine the expression level of HER2 protein in the 7 breast cancer cell lines. The results demonstrated HER2 strong positive (3+) expression in SK-BR-3, BT474 and ZR-75-1 cells, and negative (0) expression in other cell lines ([Fig. 1](#f1-ol-0-0-6555){ref-type="fig"}). SK-BR-3 and BT474 cells were selected for subsequent experiments as isolated single ZR-75-1 cells were difficult to obtain via trypsin digestion, and the resultant cell clusters may cause inaccuracies in subsequent trypan blue cell counting experiments.

### Trastuzumab does not induce CDC in SK-BR-3 and BT474 cells

Trypan blue exclusion assays demonstrated that NHS treatment significantly increased PIEC cell death compared with INHS treatment (P\<0.05; [Fig. 2](#f2-ol-0-0-6555){ref-type="fig"}). This confirmed that the NHS was suitable for subsequent experiments. No significant differences were observed between the cell lysis rates for SK-BR-3 and BT474 cells treated with INHS, NHS, trastuzumab and trastuzumab + NHS (P\>0.05; [Fig. 2](#f2-ol-0-0-6555){ref-type="fig"}). Cell survival rates were \>97% in these treatment groups. The data indicated that trastuzumab does not induce CDC in SK-BR-3 and BT474 cells.

### Co-treatment with trastuzumab and anti-CD55/59mAbs results in CDC-dependent cell lysis

Trypan blue exclusion assays demonstrated that, in the trastuzumab + anti-CD55, trastuzumab + anti-CD59, trastuzumab + anti-CD55 + anti-CD59 treatment groups, the cell lysis rates following NHS treatment for SK-BR-3 were 14.3, 24.2 and 39.5%, respectively ([Fig. 3A](#f3-ol-0-0-6555){ref-type="fig"}), and for BT474 were 18.69, 24.95 and 32.37%, respectively ([Fig. 3B](#f3-ol-0-0-6555){ref-type="fig"}). The cell lysis rates in these groups were significantly increased compared with the trastuzumab and anti-CD55/59 alone treatment groups (P\<0.05). In addition, the cell lysis rate for the trastuzumab + anti-CD55 + anti-CD59 treatment group was significantly increased compared with the trastuzumab + anti-CD55 or the trastuzumab + anti-CD59 treatment groups (P\<0.05). These results indicate that co-treatment of cells with trastuzumab and anti-CD55/59 mAbs results in CDC-dependent lysis of SK-BR-3 and BT474 cells.

### PI-PLC promotes trastuzumab-induced CDC in SK-BR-3 and BT474 cells in a dose-dependent manner through cleavage of CD55 and CD59

A trypan blue exclusion assay demonstrated that following treatment with NHS, trastuzumab-induced CDC was significantly enhanced in PI-PLC pre-treated SK-BR-3 and BT474 cells in a dose-dependent manner (P\<0.05; [Fig. 4A](#f4-ol-0-0-6555){ref-type="fig"}). The cell lysis rate reached a maximum with pre-treatment with 0.1 U/ml PI-PLC (33.5 and 37.7% for SK-BR-3 and BT474 cells, respectively). Following treatment with 0.1 U/ml PI-PLC for 1 h, FCM analysis revealed a significant decrease in CD55/59 fluorescence signal compared with before PI-PLC treatment (P\<0.05; [Fig. 4B and C](#f4-ol-0-0-6555){ref-type="fig"}), indicating that CD55 and CD59 had been cleaved.

### Confirmation of CD55 and CD59 downregulation following shRNA transfection of SK-BR-3 cells

RT-qPCR analysis demonstrated that CD59 mRNA expression was significantly downregulated following shCD59 transfection compared with the shNC and control groups (P\<0.05; [Fig. 5A](#f5-ol-0-0-6555){ref-type="fig"}). The 4 shRNA fragments targeting CD55 exhibited different efficiencies in downregulating CD55 mRNA. Treatment with shCD55/545 or shCD55/829 demonstrated the highest downregulation efficiencies, by 84.5 and 82%, respectively, compared with the shNC control (P\<0.05; [Fig. 5B](#f5-ol-0-0-6555){ref-type="fig"}).

Western blot analysis demonstrated that CD59 protein expression was downregulated following treatment with shCD59 compared with the shNC and control groups ([Fig. 5C](#f5-ol-0-0-6555){ref-type="fig"}). In addition, CD55 protein expression was downregulated following treatment with shCD55/545 or shCD55/829 comparing with shNC and control groups ([Fig. 5D](#f5-ol-0-0-6555){ref-type="fig"}). The shCD55/545 fragment demonstrated markedly increased downregulation efficiency compared with shCD55/829; therefore shCD55/545-transfected SK-BR-3 cells were selected for subsequent experiments.

A Trypan blue exclusion assay revealed that transfection with shCD59 resulted in a significantly increased lysis rate following trastuzumab treatment compared with control shNC cells (17.3 vs. 2.3%; P\<0.05; [Fig. 6A](#f6-ol-0-0-6555){ref-type="fig"}). In addition, transfection with shCD55/545 resulted in a significantly increased lysis rate following trastuzumab treatment compared with control shNC cells (24.3 vs. 1.9%; P\<0.05; [Fig. 6B](#f6-ol-0-0-6555){ref-type="fig"}).

Discussion
==========

A number of mAbs have been authorized for the treatment of patients. The molecular mechanisms underlying the anti-tumor effects of mAbs include the inhibition of signaling pathways, which lead to downstream effects, including apoptosis, blocking of growth factor receptor and inhibition of angiogenesis ([@b4-ol-0-0-6555],[@b13-ol-0-0-6555]). Although a number of studies have demonstrated that mAbs exhibit low efficacy against their targets ([@b14-ol-0-0-6555]), mAbs may exhibit desirable effects beyond target-related pathways, including enhancement of CDC.

Trastuzumab comprises a human immunoglobulin G1 Fc segment, a potent enhancer of CDC ([@b15-ol-0-0-6555],[@b16-ol-0-0-6555]). However, previous studies have indicated that effects on CDC effects are not a key molecular mechanism underlying the anti-tumor effects of trastuzumab ([@b5-ol-0-0-6555],[@b6-ol-0-0-6555],[@b17-ol-0-0-6555]--[@b19-ol-0-0-6555]). Abnormal expression of mCRPs has been reported in a number of types of tumor ([@b7-ol-0-0-6555],[@b20-ol-0-0-6555]--[@b26-ol-0-0-6555]), which may inhibit the activation of complement factors and CDC effects induced by mAbs, therefore compromising the therapeutic potential of mAbs ([@b23-ol-0-0-6555]). In accordance with previous studies, which reported that breast cancer cells overexpress mCRPs ([@b25-ol-0-0-6555],[@b27-ol-0-0-6555]--[@b29-ol-0-0-6555]), all 7 breast cancer cell lines used in the present study were demonstrated to overexpress CD55 and CD59. The HER2-positive cell lines SK-BR-3 and BT474 were selected for subsequent study. Treatment with trastuzumab was not sufficient to induce CDC in these cells in the presence of NHS, which is consistent with the results from Mineo *et al* ([@b5-ol-0-0-6555]), which demonstrated that trastuzumab could not induce CDC in CD55/59-expressing malignant neuroblastoma cells. Therefore, the failure of trastuzumab to induce CDC in HER-2-positive breast cancer cells may be due to the high expression of CD55 and CD59.

Previous reports have indicated that blocking the biological function of mCRPs may enhance the anti-tumor effects of mAbs. For example, rituximab is a human-mouse chimeric antibody that targets malignant non-Hodgkin\'s lymphoma B cells that overexpress CD20. The expression of CD55 and CD59 on the surface of lymphoma cells was associated with their resistance to CDC. Lymphoma cells that highly expressed CD55 and CD59 exhibited a lower cytolysis rate induced by rituximab ([@b30-ol-0-0-6555]--[@b32-ol-0-0-6555]). These previous studies have revealed that blocking, degradation and downregulation of mCRPs significantly promote CDC effects induced by rituximab in lymphoma cells.

In the present study, blocking antibodies targeting CD55 or CD59 significantly enhanced trastuzumab-induced CDC. The cytolysis rate increased from 1--2% up to 14--25% and the combined use of the two antibodies further increased the cytolysis rate to 32--40%. The primary biological function of CD55 is to prevent the assembly of C3 and C5 transferase and accelerate their decay. The primary biological function of CD59 is preventing the formation of the membrane attack complex by binding to C8 and C9 in the final stage of the complement activation phase ([@b33-ol-0-0-6555],[@b34-ol-0-0-6555]).

PI-PLC can specifically separate glycosyl-phosphatidyl inositol-anchored CD55 and CD59 from the cell membrane. Previous research demonstrated that the sensitivity of melanoma ([@b35-ol-0-0-6555]), lung carcinoma ([@b36-ol-0-0-6555]) and ovarian cells ([@b37-ol-0-0-6555]) to CDC was promoted by PI-PLC. Results from the present study demonstrated that PI-PLC enhances the sensitivity of SK-BR-3 and BT474 cells to trastuzumab-induced CDC. PI-PLC pre-treatment increased the cell lysis rate to 30--40%, which was comparable with the lysis rate following combined treatment with CD55 and CD59 blocking antibodies. The effects of PI-PLC on the cell lysis rate increased in a concentration-dependent manner up to 0.1 U/ml.

Small interfering RNA (siRNA)-mediated RNA interference is currently the most effective method for specific gene silencing ([@b38-ol-0-0-6555]). Bellone *et al* ([@b39-ol-0-0-6555]) indicated that downregulation of CD55 and CD59 by siRNA enhances trastuzumab-induced CDC in uterine serous carcinoma cells, but the knockdown of CD55 and CD59 were only 11.6 and 10.7%, respectively.

Mamidi *et al* ([@b40-ol-0-0-6555]) reported that knockdown of mCRPs (CD46, CD55 and CD59) by chemically stabilized siRNAs using cationic lipoplexes (AtuPLEXes) led to increased CDC in BT474, SK-BR-3 (breast), SKOV3 (ovarian) and Calu-3 (lung) cancer cell lines following combined treatment with trastuzumab and pertuzumab. However, knockdown of individual mCRPs did not significantly increase trastuzumab-induced CDC. Application of *in vivo* siRNA technologies is a rapid development field with many challenges, including the development of transfection systems, instability and adverse responses *in vivo*. shRNA plasmids can integrate into the host genome and achieve long-term gene silencing. In the present study, shRNA plasmids were designed that targeted CD55 and CD59 separately. The shRNAs downregulated CD55 and CD59 at mRNA and protein levels, and significantly increased the cytolytic effect of trastuzumab-induced CDC. Downregulation of CD55 or CD59 resulted in a cytolysis rate of 24.3 and 17.3%, respectively. Therefore, downregulation of CD55 and CD59 can enhance trastuzumab-induced CDC.

The results from the present study indicate that PI-PLC could almost completely split CD55 and CD59 from cell membrane specifically, but the cytolysis rate only reached a maximum of \~40%. Thus, other mCRPs may serve crucial regulatory roles. Future studies are required to investigate the role of other complement regulatory proteins, including soluble and membrane-bound components.

Together with previous research ([@b10-ol-0-0-6555]), the results from the present study indicate that mCRP expression may be a predictor of patient prognosis and response to trastuzumab. The combined application of mAbs, RNA interference, or other means of downregulating mCRP expression may improve the clinical efficacy of trastuzumab.

The present study was supported by the National Natural Science Foundation of China (grant no. 30972940).
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![Human epidermal growth factor receptor 2 expression in 7 breast cancer cell lines as detected by immunohistochemical staining. (A) SK-BR-3, (B) BT474, (C) ZR-75-1, (D) MDA-MB-468, (E) MDA-MB-231, (F) MCF-7 and (G) BT549 cells. Magnification, ×400.](ol-14-03-2961-g00){#f1-ol-0-0-6555}

![Cell survival rates of SK-BR-3, BT474 and PIEC cells following treatment with INHS, NHS and/or trastuzumab. SK-BR-3, BT474 cells incubated with 50% INHS, 50% NHS, 50 µg/ml trastuzumab and 50 µg/ml trastuzumab + 50% NHS for 1 h at 37°C. PIEC cells were included as a positive control (\~100% lysis rate in NHS). \*P\<0.05 compared with INHS group. INHS, inactivated normal human serum; NHS, normal human serum.](ol-14-03-2961-g01){#f2-ol-0-0-6555}

![Effect of anti-CD55 and anti-CD59 on trastuzumab-induced CDC in SK-BR-3 and BT474 cells. Lysis rates of (A) SK-BR-3 and (B) BT474 cells following pre-incubation with 50 µg/ml trastuzumab and each mAb (anti-CD55, anti-CD59, anti-CD55 + anti-CD59) (10 µg/ml) for 10 min at room temperature, then subsequent addition of 50% NHS and incubation for 1 h at 37°C. \*P\<0.05 compared with trastuzumab, anti-CD55 and anti-CD59 alone groups. ^\#^P\<0.05 compared with the T + anti-CD55 and T + anti-CD59 groups. T, trastuzumab; CDC, complement-dependent cytotoxicity; CD55, complement decay-accelerating factor; CD59, CD59 glycoprotein precursor.](ol-14-03-2961-g02){#f3-ol-0-0-6555}

![Effect of PI-PLC pre-treatment on trastuzumab-induced CDC in SK-BR-3 and BT474 cells. (A) Lysis rates in SK-BR-3 and BT474 cells following pre-treatment with PI-PLC (0.01, 0.05, 0.1 and 0.2 U/ml) cells for 1 h at 37°C followed by incubation with 50 µg/ml trastuzumab + 50% NHS. \*P\<0.05, compared with the control (0 U/ml). (B) Representative flow cytometry histograms (white, control of similar type; gray, pre-treatment; black, post-treatment) and (C) quantification of CD55 and CD59 expression in SK-BR-3 and BT474 cells following 0.1 U/ml PI-PLC treatment. \*P\<0.05, compared with before PI-PLC treatment. CDC, complement-dependent cytotoxicity; CD55, complement decay-accelerating factor; CD59, CD59 glycoprotein precursor; PI-PLC, phosphatidylinositol-specific phospholipase C.](ol-14-03-2961-g03){#f4-ol-0-0-6555}

![Downregulation of CD59 and CD55 in SK-BR-3 cells following treatment with shRNA. RT-qPCR analysis of (A) CD59 and (B) CD55 expression and western blot analysis of (C) CD59 and (D) CD55 expression following transfection with shNC, shCD59 or 4 specific shRNA fragments for CD55 for 48 h. SK-BR-3 cells without transfection were used as a control. GAPDH served as an internal control for RT-qPCR. β-actin protein levels served as the loading control for western blot analysis. \*P\<0.05, compared with the control and shNC groups. CDC, complement-dependent cytotoxicity; CD55, complement decay-accelerating factor; CD59, CD59 glycoprotein precursor; NC, negative control; shRNA, short hairpin RNA; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.](ol-14-03-2961-g04){#f5-ol-0-0-6555}

![Effect of specific downregulation of CD55 and CD59 on trastuzumab-induced CDC of SK-BR-3 cells. Lysis rates of SK-BR-3 cells following transfection with shNC, and (A) shCD59 or (B) shCD55/545 for 48 h, followed by incubation with 50 µg/ml trastuzumab+50% NHS. Non-transfected SK-BR-3 cells were included as a control. \*P\<0.05 compared with the control and shNC groups. CDC, complement-dependent cytotoxicity; CD55, complement decay-accelerating factor; CD59, CD59 glycoprotein precursor; NC, negative control; shRNA, short hairpin RNA.](ol-14-03-2961-g05){#f6-ol-0-0-6555}

###### 

MFI of CD55 and CD59 in 7 breast cancer cell lines as detected by flow cytometry.

  Cell line    CD55^[a](#tfn1-ol-0-0-6555){ref-type="table-fn"}^, MFI   CD59^[a](#tfn1-ol-0-0-6555){ref-type="table-fn"}^, MFI
  ------------ -------------------------------------------------------- --------------------------------------------------------
  SK-BR-3      741±92                                                   5257±283
  MCF-7        565±55                                                   4379±135
  ZR-75-1      324±99                                                   2736±265
  MDA-MB-468   393±36                                                   9172±171
  BT549        291±57                                                   4710±157
  MDA-MB-231   2242±153                                                 4402±153
  BT474        844±98                                                   7965±342
  LoVo         35±21                                                    119±17

Data are expressed as the mean ± standard deviation. MFI, mean fluorescence intensity.
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